The fundamental O-D stretch region (2600 -2800 cm -1 ) of the fully deuterated water dimer, (D2O)2, is studied using a pulsed supersonic slit jet source and a tunable optical 
I. Introduction
The water dimer has been the subject of numerous studies using high-resolution spectroscopy and other techniques. Analyzing dimer spectra gives direct and precise information on the intermolecular forces between two water molecules which in turn provides a basis for better understanding of the behavior of liquid and solid water on a microscopic scale. Recent review articles give a detailed listing of many previous spectroscopic (and other) studies of water dimers. 1, 2 The present paper concerns infrared spectra of (D2O)2 in the region of the O-D stretch fundamentals (2600 -2800 cm -1 ). This region was previously studied by Paul et al., 3, 4 and our results constitute an extension of their work to significantly higher spectral resolution. High resolution enables dimer tunneling splittings to be better resolved, giving information on their vibrational dependence, and also enables dimer line widths to be measured, giving information on upper state predissociation lifetimes. In addition to these previously observed and relatively strong (D2O)2 fundamental bands, we also assign a weak band to a combination vibration value of exactly 53.0 GHz. Tunneling splittings are naturally much larger for (H2O)2 than for (D2O)2.
The next most significant water dimer tunneling effect involves interchange of the roles of the donor and acceptor monomers. Each sublevel is thus further split into three, and the resulting splitting, which can be directly measured, turns out to have a value of 0.0391 cm -1 in the ground state of (D2O)2 as shown in Fig. 2a . The resulting symmetries are A1, E, and B1 for the "1s" levels, and A2, E, and B2 for the "2s". For convenience, the E symmetry level associated with A1 and B1 is usually labeled E1, and that associated with A2 and B2 is labeled E2. The nuclear spin weights for each symmetry in (D2O)2 are shown in parentheses in Fig. 2a .
The third and least facile tunneling effect involves interchange of the donor D atoms, and is known as bifurcation tunneling. This causes no further level splitting, but only level shifts which are quite small (0.0005 cm -1 ) for the ground state of (D2O)2. As a result of bifurcation tunneling the E levels are no longer exactly midway between their A and B partners. Water dimer vibrational modes can be either in-plane (A') or out-of-plane (A"), and in the present work we study the A' donor free and bound O-D stretch fundamentals, and the A" acceptor asymmetric O-D stretch fundamental.
Labeling and keeping track of the (D2O)2 energy levels is somewhat complicated by the fact that acceptor switching ("1s" or "2s") symmetry flips depending on even or odd Ka-value, and depending on A' or A" vibrational state symmetry. As well, interchange (A or B) symmetry flips depending on even or odd J-value. In this paper, we use rotationless A/B labels, which have to be multiplied by the appropriate rovibrational symmetries to give the full symmetry label. The labels in Fig. 2a are appropriate for rotational levels with (Ka, Kc) = (e, e) and (o, o) (which have + parity for the "1s" levels, and -parity for the "2s"). Table I shows the connection between our labels and those used in Ref. 16 16 who compiled all previous spectroscopic data [13] [14] [15] [18] [19] [20] and added some new measurements. At present, the ground state levels with Ka = 0, 1, and 2 are known for J-values up to about 10 or 11 for all six symmetry states. At the temperature of our supersonic jet (2 K), only ground state levels with Ka = 0 and 1 and J less than about 7 are sufficiently populated to observe as initial states. Figure 2b shows the origins of these Ka = 0 and 1 initial state levels, that is, the energies of the J = 0 levels (which of course are hypothetical for Ka = 1). As mentioned, the ordering of "1s" and "2s" states for Ka = 1 is reversed relative to Ka = 0. On the scale of Fig.   2b , the interchange splittings are only barely visible. Considering (D2O)2 as an asymmetric rotor, the A rotational parameter is approximately equal to 4 cm -1 , but this is not particularly well defined because of the large and highly Ka-dependent acceptor tunneling splittings shown in Fig.   2b . The B and C parameters are each equal to about 0.18 cm -1 . The value of (B -C) is only about 0.001 to 0.002 cm -1 , meaning that asymmetry doubling is quite small, even for Ka = 1.
In the current paper, we use the parameters of Ref. 16 to calculate and fix the ground vibrational state energies of (D2O)2, and then fit excited state levels using the same empirical rotational energy expression,
In this expression, K = Ka, and Bav = (B + C)/2. Each interchange tunneling level (A, B, E) of each acceptor switch level ("1s", "2s") of each Ka-value has its own origin, , and rotational parameters, Bav, D, (B -C). The (B -C) term was only used for K = 1 levels because we were not able to measure the small asymmetry doublings in excited K = 2 states, though they are known for the ground state. 15, 16 As noted, each tunneling state and K-value is allowed to have its own rotational parameters. In contrast to this K dependence, the tunneling splittings are assumed to be independent of J-value (a possible alternative might be to use common rotational parameters while allowing splitting to be J-dependent). The -values determined using this expression obviously depend on the presence or absence of the -K 2 terms: to avoid any ambiguity, our assumed ground state origins (derived from Ref. 16 ) are included in Table I .
Results
Spectra were recorded at the University of Calgary as described previously, 21-23 using a pulsed supersonic slit jet expansion probed by a rapid-scan optical parametric oscillator source.
The usual expansion mixture contained about 0.007% D2O in helium carrier gas with a backing pressure of about 12 atmospheres. Limited spectra were also recorded with about 0.025% D2O in argon with a backing pressure of 2 atmospheres. Wavenumber calibration was carried out by simultaneously recording signals from a fixed etalon and a reference gas cell containing N2O or we observed the resulting Ka = 1  0, 0  1, and 2  1 subbands. The A" symmetry of the excited vibration means that the ordering of the acceptor switching levels ("1s" and "2s") is flipped relative to the ground state.
The strongest subband, with Ka = 1  0, is shown in Fig. 3 Table II for the K = 1 state of the acceptor asymmetric stretch fundamental.
Note that these excited state origins (and others in this paper) depend on the assumed lower state origins as given in Table I .
The weaker Ka = 0  1 and 2  1 subbands are shown in Fig. 4 . Our assignments of the "1s" and "2s" Q-branches again agree with those of Paul et al. 3 These subbands are of course considerably weaker than Ka = 1 0 because of smaller thermal populations in the Ka = 1 lower states, so the signal-to-noise ratio is reduced and there are more gaps in the observed spectra due to interference from D2O monomer lines. The "2s" transitions tend to be relatively stronger here than in the Ka = 1  0 subband since the energy difference between the Ka = 0 and 1 levels is smaller for "2s" than for "1s" (see Fig. 2b ). In the Ka = 0  1 subband, all six symmetry components are observed, though the important "1s" P(1) line is mostly obscured by D2O monomer lines. In the Ka = 2  1 subband, asymmetry doubling is present and sometimes resolved. The "1s" lines are fairly well resolved, but A2 lines appear only as a shoulder on the high side of the stronger E2 transitions, so A2 is naturally less well determined. The fitted parameters for the Ka = 0 and 2 upper states are shown in Table II .
The line widths in Table II were determined using profile fits in which a certain Gaussian profile was assumed for the 'instrumental' width (usually about 0.002 cm -1 full width at half maximum for He carrier gas) which includes Doppler broadening (due to non-orthogonality of the laser beam and jet propagation) and laser jitter/drift effects. An additional Lorentzian profile was then included for each symmetry (A1, B1, etc.) and Ka value to account for upper state lifetime (predissociation) broadening. The rotational temperature was also varied, and the best fits usually gave values around 1.8 K (for He carrier gas), which was lower than the 2.5 K value which we would otherwise estimate. This discrepancy arises from a non-Boltzmann population distribution, common in supersonic expansions, for which the effective temperature is higher for higher energy levels. That is, the profile fits were dominated by the strong low-J lines (giving lower temperatures), while our usual estimates compared low-J lines with weaker higher-J ones (giving higher temperatures). A number of factors contributed to uncertainty in the width determinations. In addition to temperature effects, the exact contribution of instrumental broadening was somewhat uncertain since, for example, it is likely different for (D2O)2 than for D2O, and it may not be exactly Gaussian in shape. Moreover, lifetime broadening effects could be J-dependent in addition to being symmetry and Ka dependent. Because of these difficulties, we do not give uncertainty estimates for the widths in Table II . Nevertheless, we still believe that these values are meaningful, especially relative to each other, and the excellent fit of the Qbranch profile shown in Fig. 3b supports this assertion.
B. The donor free O-D stretch band
The observed spectrum of this region is shown in Fig. 5a , and we assign parallel (a-type) Ka = 0  0 subbands to the "1s" and "2s" states as labeled in black and blue, respectively. Each line of the "1s" band has two components, the lower being assigned to B1 and the upper to a blend of E1 and A1. The three components of the "2s" band are assigned in just the same way, though here there is some ambiguity as discussed below. Due to the extensive blending, all the parameters for this band, as shown in Table III , were determined directly from a profile fit (as opposed to a line position fit). The PGOPHER 24 contour fit option is remarkably powerful and useful, but the resulting parameter error estimates seem to be unrealistically small in the present case, so we believe the statistical uncertainties quoted in Table III underestimate their true values. The simulated profile in Fig. 5a provides a very good representation of the "1s" band.
However, in the "2s" band the (already weak) assigned B2 component seems to disappear for J' > 2 or 3, which could be evidence of an upper state perturbation (unfortunately, the relevant region for the R(2) line is obscured by D2O monomer lines).
In the only previous analysis of this band, Paul et al. 4 assigned a single unresolved Ka = 0  0 subband which agrees well with our "1s" band. In addition, they assigned a single Ka = 1  1 subband, 4 but this coincides almost exactly with our "2s" Ka = 0  0 subband: their P(2) line corresponds to our P(1) line, their Q-branch to our R(0), their R(1) to our R(2), etc. Based on our clearly observed R(1) line, which cannot be explained by their assignment, we are confident that the "2s" Ka = 0  0 assignment given here is correct (in spite of the possible perturbation mentioned above). But then the question arises: where are the real Ka = 1  1 subbands for "1s"
and "2s", for which there seems to be no evidence in our spectra? We conclude that they are either hidden under the much stronger Ka = 0  0 bands, or else they remain undetected due to weakness and predissociation broadening.
C. The donor bound O-D stretch band
The observed spectrum of the bound O-D stretch fundamental is shown in Fig. 5b . We easily assigned the strongest lines here to the "1s" a-type Ka = 0  0 subband, as labeled with black letters. In each line of this band, the A1, E1, and B1 components are just barely resolved, but this is sufficient to make their respective assignments clear thanks to intensity alternation. All other transitions in this region are much weaker. The blue assignments in Fig. 5b indicate what we think must be the "2s"Ka = 0  0 subband, whose weakness is only partly explained by its greater line widths. In this subband, the expected lines with J' > 3 (R(3), P(5), etc.) are missing, suggesting the onset of predissociation or some other upper state perturbation.
Somewhat sharper lines, labeled in green below the observed trace in Fig. 5b , can be assigned as a Ka = 1  1 subband with its Q-branch at 2632.235 cm -1 . We think that it is most likely due to the "2s" symmetry component, based on its intensity and position, as explained below. These three labeled subbands in Fig. 5b explain most, but not all, of the observed spectrum. Most remaining features can then be explained in terms of another Ka = 1  1 subband with its Q-branch at 2632.14 cm -1 , about 0.1 cm -1 below the green-labeled band. We assign this as the "1s" Ka = 1  1 band with unresolved A1, E1, B1 components. These Ka = 1  O-D stretch region are listed in Table IV . Previously, Paul et al. 4 assigned a single Ka = 0  0 band in this region which agrees with our "1s" assignment (black in Fig. 5b) , and a single Ka = 1  1 band which agrees with our tentative "2s" Ka = 1  1 assignment (green in Fig. 5b ). The fact that our "2s" Ka = 0  0 subband (blue in Fig. 5b ) seems to disappear for J' > 3 could help explain why it was not observed by Paul et al. 4 , especially in view of their higher effective rotational temperature (10 K).
D. A weak combination band
A very weak feature near 2754 cm -1 , illustrated in Fig. 6 , can be assigned as a "1s" subband of (D2O)2 with Ka = 1  0. This must be normal (D2O)2, because the line spacing is not compatible with isotopologues containing 18 O, and the triplet structure of each line is not compatible with isotopologues containing H. 13 The Q-branch is red-shaded, opposite to those in The alternative assignment to a combination involving the acceptor symmetric stretch seems less likely, in part because the symmetric stretch fundamental itself is weak and unobserved. There is a (D2O)2 intermolecular Ka = 1 level observed 26 at 68.3 cm -1 relative to the ground state, which is not too far from our value of 74 cm -1 . This belongs to the donor twist fundamental mode, and would give b-type selection rules in our case, since the acceptor symmetric stretch plus donor twist combination has A" symmetry.
Overall, we tentatively assign the 2754 cm -1 feature as the "1s" Ka = 1  0 subband of the donor bound O-D stretch plus donor twist overtone combination mode. Each line in Fig. 6 has three components which appear to have approximate predissociation widths of about 0.008 (Table IV) .
On the other hand, interchanging these A1 and B1 assignments seems to give better agreement with the observed line intensities, and this assignment is used for the simulation in 
E. The acceptor asymmetric O-D stretch bands of D2O -DOH and D2O -HOD
A clear but relatively weak subband centered at 2789.0 cm -1 (indicated with an asterisk in Fig. 3a ) was assigned to the Ka = 1  0 acceptor asymmetric O-D stretch of the deuteron-bound mixed isotopologue, D2O-DOH. This is actually the "1s" component, and a total of 10 P and R lines were measured in addition to 5 Q lines. The corresponding D2O-DOH "2s" subband was also assigned, but it was weaker and its Q-branch was partly obscured by (D2O)2 "1s" P (2) transitions at 2787.0 cm -1 , so only 8 lines could be measured. These assignments are based in part on excellent agreement with the ground state rotational parameters of D2O-DOH as determined by Fraser et al. 13 D2O-DOH has acceptor switching splitting ("1s", "2s"), but no donor acceptor interchange splitting (A, B, E) since the two component monomers (D2O and DOH) are not identical. Thus only a single component was observed for each "1s" or "2s" P, Q, or R transition, as expected. The parameters resulting from fitting the observed D2O-DOH spectrum are listed in Table V . The D2O-DOH lines were fairly sharp, with estimated predissociation widths of about 0.0025 cm -1 . Finally, an even weaker band was assigned to the Ka = 1  0 acceptor asymmetric O-D stretch of the mixed proton-bound isotopologue, D2O-HOD, and we presume that it is likely due to the stronger "1s" component. Seven lines were assigned, including the unresolved Q-branch at 2787.791 cm -1 , and the resulting parameters are shown in Table V . We were not able to detect any additional bands for D2O-DOH or D2O-HOD.
III. Discussion and conclusions

A. Intensities
From the equilibrium geometry of water dimer (Fig. 1 Our profile fits gave information on the relative intensities of the different symmetry states, subject of course to uncertainties related to temperature and line widths. For the b-type acceptor asymmetric stretch subbands, the observed intensities as used for the simulated spectra (Figs. 3 and 4) agree well with the expected ground state populations based on the idea that the "1s" and "2s" states relax separately in the supersonic expansion. That is, they do not thermally interconvert in the time scale of our expansion, so that the "2s" retain most of their 33% population share in spite of their higher energy.
However, the intensities observed for the a-type free and bound O-D stretch bands did not always seem to be consistent with these "expected" ground state populations that worked for the asymmetric stretch. We already noted the weakness of the bound stretch "2s" band ( Fig. 5b) , for which the best simulated spectrum required that the "2s" intensity be reduced to about 40% of its expected value. This weakness could possibly be explained by assuming that the observed lines are due to A2 and/or B2, and that the E2 component is very broad and undetected. For the free stretch (Fig. 5a ), the best fit was obtained by using about 65% of the expected "2s" intensity.
A further possible anomaly affected the "1s" states, where the best fits for the bound and free stretch bands seemed to require reduced intensity for E1 relative to A1 and B1, though this was uncertain because the lines were not fully resolved in either case. The ground state populations could not have been significantly different when the spectra of the different bands were recorded, so why should the bound and free O-D stretch bands require different intensity weights than the asymmetric stretch bands? One possibility is that transition moments could perhaps depend on tunneling state. Indeed, calculations 28 have shown quite large differences between the transition moments of"1s" and "2s" states for some water dimer intermolecular modes, and perhaps this could also be possible for the intramolecular modes studied here.
B. Tunneling splittings
The value assumed here for the K = 0 ground state "1s" to "2s" splitting (53. More dramatic reductions are observed for the interchange (A to E to B) splittings. This is an expected effect which has been observed previously for intramolecular vibrational bands of water dimer 6, 7 and other species, notably HF dimer. 29, 30 The idea is that interchanging the roles 
C. Line widths, vibrational shifts, and alpha values
Looking at the measured predissociation widths for the acceptor asymmetric stretch bands in the last column of Table II, c This is a band origin. To obtain the true "2s" K = 1 state origin, the (unknown) energy of the ground "2s" K = 0 state relative to K = 0 "1s" should be added to this value. and Ka = 2, A2 levels are less certain than the others. 
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